Introduction
[2] Increased concentrations of greenhouse gases increase downwelling infrared radiation, resulting in strong heating at the Earth's surface. Of the total greenhouse effect, Schmidt et al. [2010] found that water vapor, clouds, and CO 2 are the major contributors accounting for approximately 50%, 25%, and 20%, respectively, of all long-wave absorption in the atmosphere. Warming of the planet, particularly at lower latitudes where ocean temperatures are the warmest, would increase concentrations of water vapor, the most powerful greenhouse gas, by exponentially increasing the moistureholding capacity of the atmosphere allowing for higher evaporation [Schneider et al., 1999; Held and Soden, 2000; Khon et al., 2010; Sun et al., 2009] , while also increasing the residence time of atmospheric water vapor [Trenberth, 1998 [Trenberth, , 1999 . This positive water vapor feedback is one of the most powerful feedbacks in our climate system: with most research supporting a magnitude of 1.5 to 2.0 W/m 2 /K [Dessler and Sherwood, 2009] , it has the capacity to double the warming from carbon dioxide [Randall et al., 2007] . In regards to observed trends, Santer et al. [2007] found an increasing trend (0.4 kg/m 2 /decade) in total atmospheric moisture content since 1988, while Vonder Haar et al. [2012] found no upwards or downwards trend in annual global water vapor.
[3] An intensification of the hydrological cycle induced by an increase in greenhouse gases has been predicted [Trenberth, 1998 [Trenberth, , 1999 Allen and Ingram, 2002; Held and Soden, 2006; Wentz et al., 2007] and shown [Willett et al., 2007; Durack et al., 2012] . It is predicted that wet and dry latitudes will become wetter and drier, respectively, which is consistent with model findings [Allen and Ingram, 2002; Emori and Brown, 2005] and recent observational findings of lower ocean salinity along latitudes with greater precipitation [Durack et al., 2012] and vice versa. As of 2011, the five most extreme summer heat waves to hit Europe since 1871 have all occurred within the past decade [Barriopedro et al., 2011] , with the 2010 Russian heat wave being the most extreme. It is reasonable to assume that the recent occurrence of extreme summer heat waves could be accounted for by a shift towards higher variability and/or a shift in the mean. Donat and Alexander [2012] found that between two 30 year periods (1951-1980 and 1981-2010) , probability distributions of both daily maximum and daily minimum temperature shifted and skewed significantly higher in all regions, concluding that global temperature variability has become more extreme since the mid-20 th century. With regard to the 2010 heat wave, Dole et al. [2011] concluded it was mainly due to natural internal atmospheric variability, while Rahmstorf and Coumou [2011] claim it was 80% more likely to have occurred due to increased variability associated with global warming.
[4] In a previous paper on the 2003 European heat wave [Chase et al., 2006] , we did not find a significant upward trend in the coverage of extreme summer temperature anomalies; thus, we feel that the time is ripe to update and extend our analysis. We aim to investigate the following questions with respect to the lower half of the troposphere: (1) how often have predefined thresholds been exceeded for positive and negative temperature and water vapor anomalies?, (2) are there any trends in summers with extreme temperature and/or water vapor over time?, (3) are there spatial and/or temporal correlations between temperature and water vapor trends?, (4) how has regional variability in both temperature and atmospheric water vapor changed over time?, and (5) are the areas experiencing increasing variability also the areas experiencing extreme temperature? We expect to see areas experiencing temperature extremes to be simultaneously experiencing specific humidity extremes.
[5] This study utilizes two reanalyses: the National Centers for Environmental Protection and National Center for Atmospheric Research Global Reanalysis (NCEP Reanalysis) [Kalnay et al., 1996] and the National Oceanic and Atmospheric Administration (NOAA) 20th Century Reanalysis [Compo et al., 2011] . While the NCEP Reanalysis extends from present back to 1948, discontinuities in the time series exist when satellite data were assimilated after 1979. Therefore, we limit our analysis of the NCEP Reanalysis to the more recent time period of 1979-2012. The 20 th century reanalysis was developed in an effort to accurately cover a longer time period by assimilating only surface observations of pressure, monthly sea surface temperature and sea ice distribution, hence providing this study with a longer data set for comparison with the NCEP reanalysis. Details on the accuracy and development of this data set can be found in Compo et al. [2011] , as well as in the supplemental documents of this paper (Figures 7-10 ). The majority of ocean surface-level pressure measurements were obtained from ICOADS (coverage is documented at http://icoads. noaa.gov/r2.5slp.html).
[6] We assess Northern Hemisphere summer (June, July, and August, JJA) temperature and specific humidity anomalies and trends from (1871 to 2012 for 20 th century reanalysis with 2°× 2°resolution; 1979 to 2012 for NCEP Reanalysis with 2.5°× 2.5°resolution) for the extratropical northern hemisphere, (NHEXT). We utilize monthly mean data derived from 6 hour subdaily values by NCEP. We define the NHEXT region as 22 -80°N due to the sparse distribution of observations in higher latitudes and the limited yearly variability in the tropics. We chose to include the entire globe in Figures 2 and 6 to provide context; however, all histograms (Figures 1, (3) (4) (5) are specific to the defined NHEXT region.
[7] The NCEP/NCAR global reanalysis has been used in the past to investigate global and regional tropospheric temperature trends [Chase et al., 2000 [Chase et al., , 2006 [Chase et al., , 2008 . This study uses methods similar to Chase et al. [2000 Chase et al. [ , 2006 Chase et al. [ , 2008 to investigate lower tropospheric summer temperature and surface-level specific humidity anomalies and trends since 1979. We use surface-level specific humidity due to known [Paltridge et al., 2009; Dessler and Davis, 2010] spurious negative trends in specific humidity at higher altitudes and the overall lack of vapor at 500mb. Temperature data were derived from geopotential thickness using,
where T is the derived temperature (K), Φ(p 1 ) is the geopotential height at the lower pressure level, Φ(h 2 ) is the geopotential height at the upper pressure level, g is the gravitational constant 9:81 m s 2 À Á , and R d is the gas constant for dry air 287
. This method is used to derive the layer-averaged temperatures between an upper pressure level of 500 mb and a lower pressure level of 1000 mb. We chose to use thickness temperature derived from geopotential height to: (1) stay consistent with previous similar studies, and (2) reduce noise by using a vertical average through the lower troposphere, acknowledging that this is a meteorologically significant region in considering atmospheric warming.
[8] Anomalies are characterized by regional departures from an average expressed as standard deviations (SD), calculated by,
where n is the number of samples (n = 34 for 1979-2012 and n = 142 for 1871-2012). We use a 1979-2006 climatology to facilitate easy comparison with Chase et al. [2008] . Chase et al. [2006] showed through nonparametric estimations of SD, that the relatively small numbers of samples (i.e., in our 1979-2012 cases) have little effect on the anomaly analysis, and we therefore report our results based on the above definition of SD. We compare JJA positive extremes by looking at the percentage of the NHEXT that experienced temperatures exceeding ranges of 2.0, 3.0, and 3.5 SD from the mean climatology. Thus, the term "heat wave" is used in referring to extreme positive temperature anomalies relative to a given locations mean climatology. We acknowledge the data are nonstationary over time; however, we assume normally distributed data for comparison with previous studies [Chase et al., 2000 [Chase et al., , 2006 [Chase et al., , 2008 . From this assumption, 95.44%, 99.73%, and 99.95% of observations should fall within ±2.0, ±3.0, and ±3.5 SD of the mean, respectively.
Temperature and Specific Humidity Anomalies in the NHEXT

NCEP Positive Anomalies
[9] In all but one of the past 11 summers, some percentage of the NHEXT experienced temperature anomalies greater than 3.0 SD; however, most of these occurred over less than 2% (Figure 1a ) of the analysis region. Summer temperatures exceeded the 3.0 SD threshold only three times prior to this during the period of 1979-2002.
[10] The spatial distribution of temperature and specific humidity anomalies during three highly localized JJA heat waves (2003 near Europe, 2010 over Russia, and 2012 are shown in Figure 2 . All three of these cases featured average summer temperatures exceeding 3.5 SD of the climatology. In the summer of 2010, greater than 30% of the NHEXT experienced positive temperature anomalies exceeding 2.0 SD (Figures 1a and 2) . Additionally, about 9% experienced positive temperature anomalies exceeding 3.0 SD. The summer of 2012 is the second most extreme summer in this record, behind 2010, with almost the same percentage of the NHEXT experiencing temperatures greater than 3.5 SD. While it is accurate to use Figure 1 to compare of spatial extent of the localized heat waves of 2003 , it is important to note that for some of the extreme summers in Figure 1 , the "spatial extent," or percentage of the NHEXT, is the summation of small isolated pockets of unusually high temperatures. Chase et al. [2006] linked extreme positive summer temperature anomalies to post-El Niño summers, including in particular 1998, the previous record year for 2.0 SD extent (Figure 1a) . While 2010 followed an El Niño winter, it is noteworthy that the summer of 2012 featured such large positive extremes in the wake of a La Niña winter.
[11] The increasing trend in positive temperature anomalies exceeding 2.0 SD (Figure 1a , yellow bars) shows increasing spatial extent of above-average summer temperatures. Furthermore, the increasing trend in the existence of anomalies exceeding both 3.0 SD (Figure 1a , orange bars) and 3.5 SD (Figure 1a , red bars) suggests increasing extremity of summer temperatures. These two findings suggest that the occurrence of extremely high summer temperatures are not only increasing in intensity but are also occurring over a larger percentage of the Northern Hemisphere.
[12] We see a similar pattern of increasing spatial extent and magnitude ( Figure 3a) for positive specific humidity anomalies. Table 1 . Specifically, each of the past six years experienced positive specific humidity anomalies exceeding 3.5 SD and 9 of the past 11 summers experienced anomalies exceeding 3.0 SD.
[13] Given interest over warming of the atmosphere in general, the same analysis was performed for winter months (December, January, and February, DJF) for comparison. We see that there is a significant increase in the percentage of the northern hemisphere experiencing above-average winter temperatures at the 2.0 SD level (Figure 4a 
NCEP Negative Anomalies
[14] Cold temperature anomalies appear to exhibit an opposite trend: occurring with less frequency and magnitude over smaller spatial extents. The only year with cold summer anomalies below 3.0 SD was 1993 (Figure 1b) , most likely associated with lingering effects from the 1991 Mt. Pinatubo eruption. Interestingly, of the past 15 consecutive summers, only 2% or less of the NHEXT region experienced negative summer temperature anomalies. Prior to this, relatively significant (À2.0 SD) negative summer temperature anomalies existed (1982, 1983, 1984, 1992, and 1993) . These findings show a decreasing trend in negative summer temperature anomalies in the NHEXT. [15] Similarly, few summers experienced negative specific humidity anomalies exceeding 3.0 SD (Figure 3b ). In fact, it appears the spatial extent of extreme negative specific humidity events of 2.0 SD during the summer has diminished over the past twenty years.
[16] Extreme cold events during the winter months (Figure 4b ) have remained fairly constant (possibly a slight decline) throughout the 1979-2012 time period at the 2.0 SD level.
Correlation Between NCEP Temperature and Specific Humidity Anomalies
[17] For each sigma level (SD), the percent area of NHEXT experiencing positive temperature anomalies was found to be correlated in a Pearson's test with the percent area of NHEXT experiencing positive specific humidity anomalies (for 2.0 SD, r = 0.74, p = 8.3EÀ7; for 3.0 SD, r = 0.86, p = 5.4EÀ11; for 3.5 SD, r = 0.73, p = 1.1EÀ6), suggesting that JJA summers experiencing extremely warm temperatures most likely experienced positive specific humidity anomalies.
[18] NHEXT JJA spatial correlations between temperature and specific humidity were calculated for each year and always fell between 0.61 and 0.70, showing correlation between regions of the NHEXT experiencing both temperature and specific humidity anomalies in a given summer.
[19] From the previous correlations, we find that summers experiencing positive temperature anomalies were also experiencing positive specific humidity anomalies and that these correlations are mostly happening over similar regions within the NHEXT. To determine whether there is any predictable temporal variation between these extremes, we performed lag correlations on a seasonal and monthly time scale. For instance, we investigated whether the positive temperature (temp) anomaly averaged from March, April, and May (MAM) was spatially correlated with the JJA anomalies of average specific humidity (shum). We ran the following lag correlations: (1) MAM temp with JJA shum, (2) MAM shum with JJA temp, (3) May temp with June shum, (4) May shum with June temp, (5) June temp with July shum, (6) June shum with July temp, (7) July shum with August temp, and (8) July temp with August shum. In each case, correlations were weak or inconsistent, showing no evidence that unusually high specific humidity levels cause unusually high temperatures (or vice versa) on a seasonal or monthly scale. Pfahl and Niedermann [2011] find very strong daily covariation between humidity and temperature, suggesting the time scale of this analysis was too broad. and spatial extent of positive anomalies in the past decade. Furthermore, in general, across the 1871-2010 time period, +2 SD anomalies in temperature never extended beyond 10% of the NHEXT, which is significantly smaller than seen in the NCEP analysis. Our results support those of Peterson et al. [2013] , who found that the highest number of cold waves was found in the 1980s and the lowest in the 2000s. Furthermore, their results place ours in a longer context: the highest number of heat waves occurred in the 1930s, the second highest number of heat waves occurred in the 2000s, and the fewest number of heat waves occurred in the 1960s [Peterson et al., 2013; see Figure 1 ]. there is an oscillation between areas with increasing variability and areas with decreasing variability along the 60-80°N latitudes. There was increased variability near Greenland and decreased variability north of Siberia, possibly associated with an extreme retreat of sea ice in the first region, but not for the second region. Furthermore, both temperature and specific humidity show areas experiencing significantly positive trends of variability along the equatorial Atlantic region and east of the Philippines of up to +0.6 SD/decade trends.
Trends in Variability
[22] Interestingly, the areas that have experienced the most extreme heat waves since 1979 (Figure 6b ) fall outside of areas of substantially increasing or decreasing variability trends. To quantify this, we spatially correlated the temperature anomalies for years of extreme localized heat waves (1998, 2003, 2008, 2010, and 2012) with the global trend in variability. In chronological order the global spatial correlations were 0. 07, 0.01, 0.31, 0.41, and 0.34, which shows that areas of localized heat waves are typically not areas that experience the most change in variability. It is worth mentioning, however, that the area of the JJA heat wave this past summer off the coast of Greenland (Figure 2 ) falls within an area of increasing temperature variability (Figure 6b ). This is an indication that localized heat waves are, at most, only weakly related to global trends, adding support to the conclusions of Dole et al. [2011] that circulation pattern changes dominate the explanation for the trends.
Conclusions
[23] This study compared temperature and specific humidity anomalies since 1979 in the NCEP/NCAR global reanalysis in the NHEXT region. We also compared overlapping time series of NCEP and 20 th century reanalysis for temperature anomalies, finding similar patterns of increasing positive temperature anomalies and decreasing negative temperature anomalies from 1979 to 2010. According to the NCEP/ NCAR global reanalysis, summer heat waves are increasing in frequency, magnitude, and spatial scale and are generally accompanied by positive specific humidity anomalies. These findings are consistent with theories surrounding the positive water vapor feedback cycle although at the regional scale. The spatial scale of negative summer temperature and specific humidity anomalies are relatively small, and they have been less prevalent in the past decade.
[24] We also find the following: (1) winter months show an increase in the percentage of northern hemisphere experiencing +2.0 SD temperatures but barely any decrease in extreme cold winter events; (2) there is a correlation between summers and regions experiencing extremes in temperature and specific humidity; (3) lag correlations show that specific humidity anomalies are not preceding temperature extremes on a monthly or seasonal time scale; and (4) with the exception of Greenland in 2012, temperature extremes are not necessarily occurring in areas of increased global variability.
[25] Heat waves and specific humidity anomalies vary together in time (consistent with Cripe and Randall, [2001] ) and generally occur over the same region. Since lag correlations on a monthly time scale did not reveal significant relationships between temperature and specific humidity, future research may benefit from looking at heat waves on a shorter temporal scale such as weekly, as well as assessing the combined effect of temperature and water vapor using lower tropospheric moist enthalpy as the metric [e.g., see Fall et al., 2010] .
[26] Finally, the areas where temperature is increasing and decreasing in variability are the same areas where specific humidity is increasing and decreasing in variability. For example, areas that are becoming more variable in temperature are also becoming more variable in specific humidity, and vice versa. However, these are not the areas that are necessarily experiencing heat waves. While this suggests that the spatial distribution of heat waves may be dominated by circulation, this study did not attempt to explain the increase in the extremity of heat waves.
[27] Being that the NCEP/NCAR GR combines modeled and observed data, it makes sense both theoretically and practically that temperature and specific humidity anomalies would be correlated within this data set. Future research would benefit from looking at these relationships across other data sets. Simmons et al. [2010] compared trends in atmospheric humidity, temperature, and precipitation across multiple reanalyses, including European Center for Medium-Range Weather Forecasts ERA-40 and ERA-Interim and the Climate Research Unit and Hadley Centre CRUTEM3. In 10 year comparisons between 1979 -1988 -2008 and ERA show a significant increase in positive temperature anomalies across the northern hemisphere, particularly Europe, North America, and Greenland. Our findings in the NCEP/NCAR reanalysis support the findings of Simmons et al. [2010] .
[28] Interestingly, Simmons et al.
[2010] found a decrease in relative humidity from about 1999 to 2008. For the previous 30 years, relatively humidity remained relatively stable, as most literature predicts, as specific humidity increased with increasing temperatures. Given increases in temperature over the past decade, a decline in relative humidity suggests that specific humidity is either staying the same or decreasing. It is therefore noteworthy that our results show robust positive trends in specific humidity anomalies over this same time period.
[29] Furthermore, we plan to investigate anomalies in other factors that have been discussed to affect the prevalence of heat waves, including soil moisture, above ground biomass, incident surface short-and long-wave radiation, and precipitation, as well as changes in time of major circulation features. We are also analyzing changes in extremes for other seasons of the year, and for the Southern Hemisphere.
